Perinatal hypoxia/ischemia (HI) is a common cause of neurological deficits in children. Our goal was to elucidate the underlying mechanisms that contribute to the neurological sequelae of HI-induced brain injury. HI was induced by permanent ligation of the left carotid artery followed by 90 min of hypoxia (7.8% O 2 ) in female P7 rats. A two-dimensional differential proteome analysis was used to assess changes in protein expression in cortex 2 h after HI. In total, 17 proteins reflecting a 2-fold or higher perturbation of expression after HI as compared to sham-treated pups were identified by mass spectrometry. Of the altered proteins, 14-3-3 and TUC-2, both playing an important role in the development of the central nervous system, decrease after HI, consistent with an early disturbance of cortical development. Also affected, DARPP-32 and R-synuclein, two proteins important for dopamine neurotransmission, increased more than 2-fold 2 h after HI injury. The differential expression of these proteins was validated by individual Western blot assays. The expression of several metabolic enzymes and translational factors was also perturbed early after HI brain injury. These findings provide initial insights into the mechanisms underlying neurodegenerative events after HI and may allow for the rational design of therapeutic strategies that enhance neuronal adaptation and compensation after HI.
Introduction
Perinatal hypoxia/ischemia (HI) brain injury is a leading cause of neonatal morbidity and mortality. There is a significant loss of cortical neurons after HI brain injury and resultant progressive brain function impairment. Advances in obstetrical care have increased the number of infants surviving perinatal HI with moderate or severe brain injury. It is estimated that 20-30% of survivors of HI brain injury have severe long-term neurological sequelae, such as cerebral palsy; 1 uncounted others have milder injuries that result in mental retardation, seizures, and learning and behavioral disorders. 2, 3 HI results in prompt changes in the P7 neonatal brain during the first 7 days after HI. [4] [5] [6] Neuroimaging studies have shown that the parietal cortex is HI-sensitive. Diffusion-weighted magnetic resonance imaging (MRI) shows a decrease in the apparent diffusion coefficient values in cortex on the affected side as early as 0.5 h after HI. 7, 8 Maximal size of the lesion was reported at 3-6 h after HI and declined thereafter. Furthermore, animals with MRI-detected lesions showed long-term functional deficits and abnormal histopathology at near-adult ages. 7 Therefore, the elucidation of the mechanisms underlying the observed changes early after HI is important.
The mechanisms of HI-induced brain damage are heterogeneous. Biophysical and biochemical changes, such as blood flow deregulation, brain edema, hemorrhage, thrombosis, energy failure, accumulation of toxic metabolites, impaired intracellular calcium turnover, increase of neurotransmitter release and inhibition of uptake, release of interleukins and prostaglandins, and increased levels of free-radicals, are triggered by HI and may lead to brain dysfunction and neuronal cell death. 9, 10 However, the data are still incomplete regarding the biological processes responsible for the overall distribution and progression of neuronal injury and subsequent permanent brain damage. Understanding these mechanisms, especially at early time points after injury, is necessary to thoroughly explain the long-term effects of HI-brain injury and find practical protective therapies.
The application of proteomic approaches could identify those proteins that are important in HI-induced brain injury and provide insight into potential mechanisms underlying the neuronal dysfunction and cell losses associated with HI injury. Here, application of proteomics showed differential expression of several proteins in the HI-injured brain. Our results indicate an early disturbance of cerebral cortical development and dopamine neurotransmission after HI injury, with long-term neurological consequences.
Materials and Methods
Animals. All animal procedures were approved by the institutional Animal Care and Use Committee. Dated, pregnant Wistar rats were purchased from a commercial breeder (Charles River), housed in individual cages, and fed a standard laboratory chow ad libidum. Offspring, delivered spontaneously, were maintained with their dams until 7 days of postnatal age. Litter size was reduced on P3 to10 pups/litter to minimize variation in body and brain growth. Female pups were used in this study. Pups that showed signs of respiratory or other infection were excluded from further study. The average body weight at P7 was 15 ( 3 g.
The Induction of Ischemia and Hypoxia. HI was induced as described in our previous publication. 6 Briefly, the P7 rat pups were given isoflurane in air by mask inhalation throughout surgery. The left common carotid artery was dually ligated and transected between the ligatures. The incision site was closed and cleaned. The operated pups recovered from surgery for approximately 30 min in a 37°C chamber with bedding from the cage. The rats were returned to the dam for 1-2 h. Rats were transferred to a humidified hypoxia chamber where systemic hypoxia was induced by inhalation of 7.8% oxygen balanced with nitrogen for 90 min. The sham groups were treated with room air in the cage. The temperature in the hypoxia chamber was maintained at 37°C. The rats were sacrificed 2 h after hypoxia. At sacrifice, animals were briefly anesthetized with halothane and decapitated, the brains were removed, and the cortex was dissected from the rest of the brain, frozen, and stored at -80°C.
Tissue Extracts. Dissected tissues were homogenized in icecold buffer M, pH 7.4, containing sucrose (250 mM), Hepes (20 mM), EDTA (1 mM), EGTA (1 mM), dithiotheitol (DTT; 1 mM), PMSF (1 mM), leupeptin (5 mg/mL), and aprotinin (25 mg/mL) using a Wheaton Tenbroeck manual homogenizer. The homogenate was centrifuged three times at 800g for 20 min to spin down nuclei and cell debris. The crude cytosolic extract containing cytosolic proteins, mitochondria, and endoplasmic reticulum was centrifuged at 28 000g for 30 min to pellet mitochondria and ER. All procedures were performed at 4°C. Endonuclease benzonase (150 U)was added to 1 mL of sample and incubated at room temperature for 30min. After the incubation period, samples were vortexed again and spun in a microcentrifuge at 11 400 rpm (12 000g) for 10 min. The supernatant containing the cytoplasmic extracts was frozen and stored at -80°C. Protein concentration was determined by BioRad RC DC Protein Assay.
Two-Dimensional Electrophoresis. Samples (200 µg) were prepared, and the final volumes were adjusted to 200 µL with rehydration buffer. One microloter of IPG buffer was added to give a final concentration of 0.5%. The mixtures were spun in a microcentrifuge at 2000 rpm for 2 min. Paper wicks were placed over each electrode of the ceramic strip holders (Amersham-Biosciences). Each wick was wet with 8 µL of Milli-Q H 2O just prior to adding the sample/rehydration buffer mix. An 11 cm IPG dry strip was added to each sample solution with strip gel side facing down. The strip was covered with mineral oil and placed on a ceramic strip holder. The strip holder was placed in IPGhor focusing instrument (AmershamBiosciences) and focused as follows: 50 V for 11 h (active rehydration); 250 V gradient 1 h; 500 V gradient 1 h; 1000 V gradient 1 h; 8000 V gradient 2 h; 8000 V 48 000 V/h. IPG strips were then removed and carefully blotted with damp filter paper to remove oil. At the end of the first dimensional separation, the strips were equilibrated for 15 min in equilibrating buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 2% SDS, 20% glycerol, and 10 mg of DTT in 1 mL of buffer) with 10 µL/mL TCEP, followed by 20 min equilibration in the above buffer containing 25 mg of iodoacetamide/mL buffer. Strips were then rinsed in 1× Tris-glycine-SDS running buffer and placed in IPG well of gels with the positive end of the strip on the left side of the gels. Strips were covered with molten 0.5% overlay agarose. Gels were placed in electrophoresis apparatus and run at 150 V for approximately 2.25 h at 4°C in prechilled 1× running buffer.
Gel Fixation and SYPRO Ruby Staining. Gels were removed from plates, rinsed in dI H 2O, and fixed in fixative/destain solution (10% methanol and 7% acetic acid prepared with Milli-Q H 2O) for 30 min with shaking at room temperature. Gels were rinsed again in dI H2O and stained with SYPRO Ruby overnight on a shaker at room temperature. The gel was covered with foil to protect from light. The gels were then rinsed with dI H 2O, destained in 10% methanol/7% acetic acid for 1 h, and imaged on ProExpress Proteomic Imaging System (Perkin-Elmer) with 480 mm excitation and 620 mm emission filter.
Gel Analysis. A total of six 2D gel images (3 from shamtreated animals and 3 from HI-injured animals) was analyzed using Progenesis Discovery software v2006 (Nonlinear Dynamics, U.K.). This software automatically detects individual protein spot within each image and matches identical protein spots across all images. It also removes noise from measurements of spot volumes using a proprietary algorithm for noise determination and correction. After automatic matching, manual review and adjustment were done to confirm proper spot detection and matching. The intensity of each protein spot was normalized based on the total volume of each gel, that is, the pixel intensity of each spot area was divided by the sum of all spots in the gel. Spots present on less than 2 gels or with normalized volumes less than 150 were filtered out. A (2-fold change was used as a cutoff point for determining useful spots. In addition to these spots, we also included missing and new spots as spots of interest.
Mass Spectrometry. Protein gel spots were excised and prepared for matrix-assisted laser desorption ionization timeof-flight/time-of-flight mass spectrometry (MALDI-TOF/TOF MS) analysis. Gel samples were cut into 1 mm size pieces or smaller and incubated in 100 µL of ammonium bicarbonate buffer at 37°C for 30 min. The buffer was removed, and 100 µL of water was added to each tube. The samples were then incubated again at 37°C for 30 min. Gels were washed twice in 100% acetonitrile with vortex for 5 min to dehydrate the gels. Acetonitrile was removed, and gels were dried in a Speed-Vac for 30 min. Trypsin (10 µg/mL) (sequencing grade modified T; Promega) in 25 mM ammonium bicarbonate, pH 8.0, was used for enzymatic digestion. Samples were incubated at 37°C for 6 h. After digestion, the samples were removed from the incubator, and 1 µL of sample solution was spotted directly onto a MALDI target plate and allowed to dry. One microliter of matrix (R-cyano-4-hydroxycinnamic acid; Aldrich Chemical Co.) was then applied on the sample spot and allowed to dry. MALDI-TOF/TOF MS was performed using an Applied Biosystems model 4700 Proteomics Analyzer for peptide mass fingerprinting. Following MALDI MS analysis, MALDI MS/MS was performed on several ions from each sample spot. Applied Biosystems software was used in conjunction with MASCOT to search databases for protein identification. Protein match probabilities were determined using expectation values and/ or MASCOT protein scores.
Western Blot Analysis. Proteins were separated on 10% SDS-PAGE gels and electroblotted onto poly(vinylidene difluoride) membranes (Millipore). Proteins were analyzed by Western blot assays performed as previously described. 11 14-3-3 monoclonal antibody was purchased from Chemicon (Temecula, CA). TUC-2 monoclonal antibody was purchased from Immunobiological Lab (Gunma, Japan). DARPP-32 and R-synuclein polyclonal antibodies were purchased from BD pharmingen (San Diego, CA).
Immunofluorescence Staining. The rats were euthanized with an intraperitoneal injection (ip) of 120-mg/kg pentobarbital (Nembutal) and then perfused through the left ventricle with saline followed by 4% paraformaldehyde. Brains were removed and postfixed in 4% paraformaldehyde overnight at 4°C. The brains were blocked in the coronal plane, and the right sides were notched. Brains were put into 30% sucrose/ PBS solution at 4°C until the brain section sunk to the bottom of the container. Brain were then embedded in Optimal Cutting Temperature compound (OCT), immediately frozen with dry ice for 1-2 min, then stored at -80°C. Coronal sections were cut at a thickness of 10 µm. Slides were washed 3 times in 0.1 M TBS/Triton 100, 7 min each time, and rinsed with TBS. Sections were blocked with signal enhancer (Molecular probes, Eugene, OR) for 30 min at room temperature. Sections were then incubated separately with primary antibodies in diluent buffer (TBS + Triton-X-100 + 1% NGS) at room temperature overnight inside a moisture chamber. After washing with TBS 3 times (7 min each time), sections were incubated with fluorescent-labeled secondary antibody (1:1000 Alexa Fluor 568 (Red) Goat-anti Rabbit IgG, Molecular probes, Eugene, OR) for 2 h at room temperature in the dark. Sections were washed with TBS 5 times, each for 12 min, coverslipped using fluorescence mounting medium with DAPI, and sealed with clear nail polish. Stained sections were scanned with a confocal laser scanning microscope (Olympus BX50 equipped with a Flouview Krypton-Argon-Ion Laser scanning unit). Controls omitted primary antibody, and it was replaced by an irrelevant antibody of the same IgG subclass. Images were captured from a FXA photomicroscope (Nikon) with a DEI-470 digitally enhanced color microscope video camera (Optronics) with a built-in Digital Image Processor.
Statistical Analysis. For 2D gel analysis, finding genes with significantly changed expression levels was done by using Statistical Analysis of Microarrays (SAM). The complete version of SAM software is available for downloading from http:// www-stat.stanford.edu/∼tibs/SAM/index.html. This method computes the false discovery rate (FDR) by averaging the number of significance over the appropriately chosen permutations of data among experimental groups. With the single tuning parameter (called ∆ in the original work), the FDR for the dataset can be reduced, at the expense of a reduction in the number of significant change. In our analysis, we selected the adjustable parameter ∆ such that FDR was <5% for the list of significant proteins. For statistical analysis of Western blot results, mean values ((SEM) for each experiment were determined, and values statistically different from shams were calculated using Student's t-test.
Results

Identification of Differentially Expressed Proteins after HI
Injury. In the present study, comparative protein profiling was performed using a well-characterized 7-day old rat HI model to determine changes in the proteome of cortex subjected to HI injury. Cytoplasmic protein was extracted from sham-treated or HI-treated cortical samples (n ) 3 for each group) and separated by two-dimensional electrophoresis. Figure 1 shows representative 2D images, spanning the molecular weights between 250 and 10 kDa and pI's between 3 and 10, of shamtreated and HI-treated animals. Image analysis with Progenesis software (Nonlinear) showed approximately 900 spots on each gel after spot filtering. Spots present on less than 2 gels or with normalized volumes less than 150 were filtered out. After quantification of spot signal intensities, the fold change (ratio of average normalized spot volume of HI-treated versus shamtreated) and a two tailed t-test incorporating FDR correction were calculated. We focused on identifying proteins that were found to be either statistically significantly altered more than 2-fold after HI injury or newly show/miss in HI-treated pups. In total, 17 proteins were successfully identified by MALDI-TOF/TOF mass spectrometry (Table 1) . Four proteins were underexpressed, while three proteins were overexpressed. Ten spots were found to be present only in the HI-treated animals. The apparent observed molecular mass and isoelectric point for all identified proteins matched very well with their calculated values. We classified the altered proteins based on their published biological functions ( Table 2 ). The majority of the proteins whose levels were perturbed by HI could be classified into four general functional groups: cortical development, metabolism enzymes, translation factors, and neurotransmission.
The expression levels of several metabolic enzymes were increased 2 h after HI brain injury. Isocitrate dehydrogenase 1 ( Table 1 , spot 4) that catalyzes the oxidative decarboxylation of isocitrate and the production of alpha-ketoglutarate was not detectable in sham-treated pups but was significantly expressed in the HI-treated animals. Two enzymes involved in the glycolytic pathway, phosphoglycerate kinase-1 (PK-1, Table 1 , spot 3) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Table 1 , spot 5), were upregulated 2 h after HI injury. Both PK-1 and GAPDH are target genes of hypoxia inducible factor-1 (HIF- 1), a transcription factor activated under hypoxia stress. 12 The upregulation of these two enzymes is consistent with the hyperglycolysis [13] [14] [15] and activation of HIF-1 after HI. We also found that two proteins associated with cortical development, 14-3-3 ( Table 1 , spot 1) and TUC-2 ( Table 1 , spot 2), were downregulated early after HI injury. There was also upregulation of Dopamine-and cAMP-regulated phosphoprotein-32 (DARPP-32, Table 1 , spot 7) and R-synuclein (R-Syn, Table 1 , spot 8), two proteins important for dopamine neurotransmission, in the HI-treated pups. The expression of an important translation factor, translation elongation factor 2 ( Table 1 , spot 6), also increased after HI injury.
Validation of Changes of 14-3-3 and TUC-2 after HI Injury. We validated the expression changes of 14-3-3 and TUC-2 in HI-treated P7 cortex with Western blot assays. The enlarged representative illustrations in Figure 2A and Figure 3A showed decreased 14-3-3 and TUC-2 in cortex 2 h after HI injury by 2D gel electrophoresis. The 14-3-3 , an essential protein for neuronal developmental migration, decreased about 50% in HItreated compared to sham-treated cortices. The TUC-2, a protein important for axonal guidance, was also found to decrease to 39% of sham levels 2 h after HI injury. Since the distribution of 14-3-3 in the neonatal brain is unknown, we did immunofluorecent staining for 14-3-3 ( Figure 2B ) in P7 rat cortex. Immunofluorescent staining was also performed to confirm the expression in P7 cortex of TUC-2 ( Figure 3B) , a protein present early in development in most cortical neurons and gradually downregulated in most brain areas after birth. 16 Immunoreactivity of 14-3-3 and TUC-2 was widespread in P7 cortecal areas. We observed that 14-3-3 and TUC-2 surrounded DAPI-counterstained nuclei with no overlap, consistent with the cytoplasmic distribution of these proteins. There were no Proteins were extracted from cortices of sham-or HI-treated P7 rats, separated by two-dimensional electrophoresis, and identified by MALDI-TOF mass spectrometry following in gel digestion with trypsin. The expectation value is the number of matches expected to occur by chance only. Identifications were filtered for expectation score lower than 0.001. The accession numbers indicated are from National Center for Biotechnology Information (NCBI). +: spots detected in HI-treated animals but not in sham treated animals.* indicating significant change when comparing HI-treated versus sham-treated cortices using two tailed t-test with false discovery rate correction. 
Table 2. Functional Category of Significantly Changed Proteins after HI Injury
Metabolism Enzymes
Phosphoglycerate kinase-1 increase enzyme involved in the glycolytic pathway Isocitrate dehydrogenase 1 (NADP+) increase enzyme in Kreb circle Glyceraldehyde-3-phosphate dehydrogenase increase enzyme involved in the glycolytic pathway Translation Factor Eukaryotic translation enlongation factor 2 increase protein translation Neurotransmission Dopamine-and cAMP-regulated phosphoprotein increase major target for dopamine activated adenylyl cyclase; crucial mediator of the biochemical, electrophysiological, transcriptional, and behavioral effects of dopamine Synuclein, R increase involved in multiple steps of dopamine metabolism, including synthesis, storage, release, and uptake.
Differential Expression of Proteins after HI
research articles immunoreactive products in the negative control sections in which the primary antibody was omitted (data not shown). The increased levels in 14-3-3 and TUC-2 were further confirmed by Western blot analysis using specific antibodies to these proteins. In agreement with the proteomics results, the expression of 14-3-3 ( Figure 2C ) and TUC-2 ( Figure 3C ) decreased significantly 2 h after HI. Validation of Changes of r-Synuclein and DARPP-32 after HI Injury. Our proteome analyses showed better than a 2-fold increase in DARPP-32 after HI injury. The expression of R-Syn was not detectable by 2D gel analysis in the sham-treated pups but was present 2 h after HI injury. The enlarged illustrations show increases in R-Syn ( Figure 4A ) and DARPP-32 ( Figure 5A ) in cortex of P7 rat subjected to HI. Western blots were performed to further ensure the validity of our proteomicsbased observations of changes in the expression of R-Syn and DARPP-32. We found significant increases in both R-Syn ( Figure  4B ) and DARPP-32 ( Figure 5B) in P7 rat cortex 2 h after HI injury.
Discussion
This is the first two-dimensional proteome profiling of protein expression in the P7 rat brain after HI. To exclude the possibility of differences due to small variations in experimental setup or operation, we arbitrarily set a high cutoff in our evaluation of proteome expression levels. We accepted only those protein values with 2-fold up-or downregulation. T-test with FDR correction was used to analyze the significance of over-or underexpression. Among the 17 proteins identified by mass spectrometry, two proteins were associated with neuronal migration and differentiation, consistent with a traumadependent early disturbance of cortical development. Cerebral cortical development occurs in a precisely timed manner and can be divided into three major phases: neurogenesis, neuronal migration, and neuronal differentiation. 17 Neocortical neurons are generated mainly in the cortical ventricular zone between embryonic (E) days 14 and 20 in rats 17 or during the early and middle parts of gestation in primates. 18 Postmitotic neurons then migrate to their final positions in the cortex, forming an inside-out layered pattern. 19 In rodents, migration occurs generally 2-4 days after neuronal generation. 17 Cortical neuronal differentiation includes cell maturation and dendrite formation, axon extension, and the development of intercellular connections. The first 3-4 weeks postnatal are critical for the differentiation of the rodent brain because most synapses in the neocortex are formed and many intrinsic and extrinsic cortical connections are refined during this period. 20, 21 The organization of mature cerebral cortex and the establishment of cortical circuitry are determined by a variety of early developmental signals and processes. Although the mechanisms responsible for how nerve cells from different parts of the brain properly target and assemble to form functional circuits are not completely understood, a large number of experimental and clinical data would suggest that HI and other forms of brain injury during the pre-or perinatal period may disturb these mechanisms, cause neuronal disorder, and result in irreversible structural modifications. [22] [23] [24] These malformations have been associated with severe long-term neurological sequelae such as mental retardation, motor dysfunction, and epilepsy.
Our proteomics and Western blot results showed that 14-3-3 , which is essential for normal brain development and neuronal migration, 25 decreased in the cortex 2 h after HI injury. 14-3-3 proteins are major evolutionarily conserved dimeric regulators in eukaryotic cells that involve several different cellular events, including signal transduction, cell cycle regulation, apoptosis, stress responses, cytoskeletal organization, and neurotransmitter synthesis. 26 Recent studies have shown that the 14-3-3 protein detected in the cerebrospinal fluid of some neurological diseases, such as Creutzfeldt-Jacob disease, 27 multiple sclerosis, 28 and transmissible spongiform encephalopathy, 29 is a marker for extensive brain destruction. It has been reported that, in humans and mice, defects in brain development and neuronal migration occur when 14-3-3 protein is defective or missing. The 14-3-3 gene is always deleted on one chromosome in Miller-Dieker syndrome (MDS), patients with a severe developmental defect of the brain caused when neurons born deep within the brain are unable to migrate normally to areas such as the hippocampus and cortex. 25 Our immunofluorescence staining showed that 14-3-3 proteins are cytoplasmic with widespread distribution in the P7 cortex. Our results presented here show for the first time that there is a decrease in 14-3-3 levels early after HI, which might impair the migration of cortical neurons and the proper development of the cortex in these pups. Definitive understanding of the mechanisms of action of 14-3-3 proteins remain unknown. There are reports that 14-3-3 binds to CDK5/p35-phosphorylated NUDEL and maintains its phosphorylated state. 25 Phosphorylated NUDEL is a LIS1-binding protein that participates with LIS1 in the regulation of the dynein motor complex and of microtubular organizing centers, 30 which are known to be essential for neuronal migration. There are also aspects of the anti-apoptotic functions of 14-3-3 proteins that have been implicated in signaling apoptotic commitment via pro-apoptotic molecules such as Bad, FKHRL1, ASK1, and Nur77. 26, 31, 32 The 14-3-3 protein has been identified as one of the caspase-3 substrates using a modified yeast two-hybrid genetic system. 33 The cleavage of 14-3-3 proteins by caspase-3 during apoptosis might contribute to cell death by preventing the association of 14-3-3 with pro-apoptotic molecules. The early decrease in 14-3-3 after HI might cause the improper cell death of developing neurons in the P7 rat. For example, it has been documented that there are decreases in neuronal numbers, especially the transient neuronal populations such as Cajal-Retzius neurons and subplate neurons that are known to be critical for guiding migration of newly generated cortical neurons, with possible consequences being defective radial migration and aberrant laminar patterning. [34] [35] [36] The early stages of neurogenesis and neuronal migration are followed by a period of cellular differentiation, including axonal pathfinding to near or distant target regions. 37 The TUC (TOAD-64/Ulip/CRMP/DRP) family of proteins has been reported to be important in axonal guidance and outgrowth, thus, contributing to neuronal connectivity. 16 TUCs consist of four 64-kDa isoforms, known as TUC-1 (CRMP-1/ Ulip-3), TUC-2 (CRMP-2/Ulip-2/DRP-2/Toad64), TUC-3 (CRMP-3/Ulip4), and TUC-4 (CRMP-4/Ulip-1). In our proteome analyses, TUC-2 was found to decrease after HI. In rats, all TUC proteins are expressed exclusively in the nervous system primarily during development. 38 TUC-2 is present early in development in a majority of neurons and in a selected group of adult neurons, such as pyramidal cells of the hippocampus and Purkinje cells of the cerebellum. It is downregulated in the adult brain but is re-expressed in adult motor neurons that are regrowing axons following axotomy. 39 We observed a strong immunoreactivity of TUC-2 protein in the P7 cortex. A role for TUC-2 protein in axon guidance was implicated by the observation that antibodies to CRMP-62, the chick TUC-2 protein, can inhibit growth cone collapsing activity of neurons induced by semaphorin-3A, which is an important repulsive axonal guidance cue. 40 Mutation of UNC-33, the Caenorhabditis elegans homologue of TUC proteins, results in severely uncoordinated movements and error pathfinding in neurons. 41, 42 Furthermore, overexpression of TUC-2 in cultured neurons, or SH-SY5Y neuroblastoma cells, promotes axonal growth and branching. [43] [44] [45] Therefore, the observed early decrease in TUC-2 after HI might reflect a disturbance of normal signaling required for axonal guidance and, thus, result in abnormal pathfinding. Although the mechanism of TUC-2 action has not been completely elucidated, TUC-2 has been reported to be associated with tubulin heterodimers and microtubule bundles, and it has been proposed that it is involved in the regulation of microtubule assembly dynamics. 44, 46 Neurons with expression of truncated TUC-2 protein lacking the region for microtubule assembly exhibit less axonal growth in a dominant-negative manner.
Our results showed that some proteins associated with neuronal migration and differentiation decreased early after HI brain injury, consistent with an early impairment of cortical development after HI injury. These findings are complementary to reports of HI-stimulated cell proliferation and neurogenesis in the subventricular zone (SVZ) area and peri-infarct striatum. 47 Thus, the early impairment of cortical development might be transient and followed by compensatory neurogenesis necessary for neuronal recovery after neonatal brain injury. However, considering that P7 is an important time for the refinement of intracortical connections and precisely timed cortical development, 48 these early disturbances might result in long-term deficits not overcome by the repair processes.
Our proteome analyses also showed increases in the expression of DARPP-32 and R-synuclein, two proteins important for dopamine neurotransmission, in HI-treated animals. Dopamine is a neurotransmitter with crucial biochemical, electrophysiological, and behavioral effects in the nervous system. Abnormalities in the dopamine signaling pathway are found in several neurological and psychiatric diseases such as Parkinsonism, schizophrenia, attention deficit hyperactivity disorder, and drug abuse. 49 Alternatively, excessive cytosolic dopamine levels could lead to increased levels of dopamine-quinone and the subsequent generation of reactive oxygen species with ensuing damage to mitochondria, proteins, and DNA and eventually dopamine neuronal cell death. 50 Dopamine was the first neurotransmitter to be identified as having a role in ischemic damage. 51 Several investigators had previously determined that levels of dopamine were reduced early after ischemia. 52 It has also been shown that the depletion of dopamine prior to ischemic stroke not only protects dopaminergic neurons from ischemic damage but the surrounding neurons as well. 53 R-Syn, a presynaptic protein in central nervous system, has been shown to play a role in the pathogenesis of Parkinson's disease. Although the normal functions of R-Syn are not completely elucidated, accumulating evidence shows that the molecule is involved in multiple steps of dopamine metabolism, including synthesis, storage, release, and uptake. 54 R-Syn can inhibit tyrosine hydroxylase, 55 the rate-limiting enzyme in dopamine synthesis, and reduce cytoplasmic dopamine synthesis at nerve terminals. Our proteomics result showed a decrease of R-Syn after HI injury, which may cause early reduction of dopamine, thereby limiting its conversion to highly reactive oxidative molecules.
DARPP-32 serves an obligatory role in the dopamine signaling pathway. It becomes a potent inhibitor of multifunctional serine/threonine phosphatase PP-1 after being phosphorylated at Thr 34 by dopamine receptor 1-activated protein kinase A (PKA) and is therefore involved in the modulation of synaptic neurotransmission by regulating the phosphorylation status of neurotransmitter receptors, ion channels, or ion pumps. The regulation of DARPP-32 phosphorylation provides a mechanism for integrating information arriving at dopaminoceptive neurons in multiple brain regions. 56 Consistent with its function as a target of DA receptor 1 activated PKA, DARPP-32 is present in dopaminoceptive neurons and concentrated in a subpopulation containing D-1 receptors. 57 We found that DARPP-32 expression increased 2 h after HI, a time when dopamine synthesis is inhibited. This should compensate the reduction of dopamine production after HI injury and might be a useful bypassing mechanism to keep normal neurontransmission function without increasing the oxidative stress induced by dopamine.
We have shown the differential expression of proteins that play an important role in development in animals subjected to HI brain injury. The proteins identified suggest that HI affects brain development and neurotransmission and, thus, contrib-ute to the neuropathology associated with HI. While more thorough analyses focusing on specific brain regions and multiple time points will better define the sequelae of events, these initial results relevant to cortical development and dopaminergic function need further analyses.
